In this report, we show that oxide battery anodes can be grown on two-dimensional titanium carbide sheets (MXenes) by atomic layer deposition. Using this approach, we have fabricated a composite SnO 2 /MXene anode for Li-ion battery applications. The SnO 2 /MXene anode exploits the high Li-ion capacity offered by SnO 2 , while maintaining the structural and mechanical integrity by the conductive MXene platform. The atomic layer deposition (ALD) conditions used to deposit SnO 2 on MXene terminated with oxygen, fluorine, and hydroxylgroups were found to be critical for preventing MXene degradation during ALD. We demonstrate that SnO 2 /MXene electrodes exhibit excellent electrochemical performance as Liion battery anodes, where conductive MXene sheets act to buffer the volume changes associated with lithiation and delithiation of SnO 2 . The cyclic performance of the anodes is further improved by depositing a very thin passivation layer of HfO 2 , in the same ALD reactor, on the SnO 2 /MXene anode. This is shown by high-resolution transmission electron microscopy to also improve the structural integrity of SnO 2 anode during cycling. The HfO 2 coated SnO 2 /MXene electrodes demonstrate a stable specific capacity of 843 mAh/g when used as Li-ion battery anodes.
Introduction
Li-ion batteries have matured form a technology for powering portable electronic devices to grid energy storage and many other applications. Nevertheless, opportunities to improve battery performance, especially through exploring new classes of layered materials, including oxides, sulfides, and transition metal carbides, need to be further explored. [1] [2] [3] Twodimensional (2D) materials offer gallery space for shuttling metal ions while impressively sustaining volumetric changes, which could lead to the improved storage capacity and excellent cycling stability. [4] Optimization of the battery performance of 2D materials requires tailoring the surface chemistry while enabling the intercalation of metal ions to enhance the charge storage capacity and operational voltage window.
To this end, MXenes, which are a large family of 2D transition metal carbides, nitrides, and carbonitrides are an attractive option. [5, 6] They are represented by the general formula of M n+1 X n T x , where 'M' represents an early transition metal, 'X' represents either carbon, nitrogen or both and n = 1, 2 or 3, and T x indicates the surface functional groups, such as -OH, =O or -F. [5, 6] These surface functionalities provide hydrophilicity, which is good for use with aqueous electrolytes, but may be detrimental for non-aqueous electrolytes. The surface structure and chemistry govern the metal ions adsorption and intercalation to achieve optimal storage capacity and operating potential windows. Therefore, chemical treatment or decoration of MXene surfaces can be used to improve their electrochemical performance in organic electrolytes.
MXenes, such as Ti 3 C 2 , have been reported to exhibit metallic conductivity, negative surface charge in solutions, and high hydrophilicity. [5, 7] Due to their high electrical conductivity and 2D structure, MXenes have been studied as electrode materials in supercapacitors, [8] Li [9] [10] [11] and Na [12, 13] ion batteries, electrochemical sensors, [14, 15] electromagnetic interference shielding [16] and water purification [17] applications. Ti 3 C 2 is one of the most studied MXene phases because of the well-established etch chemistry involved and the detailed theoretical studies. [18, 19] Furthermore, its large volumetric capacitance has made it an attractive candidate for supercapacitors electrodes [8, 20, 21] and as anode material for Li ion batteries. [22, 23] For instance, based on density functional theory calculations, Tang et al. predicted the theoretical capacity of bare Ti 3 C 2 for Li intercalation to be 320 mAh/g and it can be doubled as a double-layer of Li atoms is formed between MXene sheets. [24] However, in reality, the presence of functional groups, such as −F or -OH, on MXene surface, limits the Li + ion capacity such that the measured actual capacities were only about 130 mAh/g for Ti 3 C 2 F 2 and 67 mAh/g for Ti 3 C 2 (OH) 2 . [25, 26] On the experimental front, HF-etched 
Results and Discussion
The as-prepared MXene sheets were used for SnO 2 deposition by hydrothermal synthesis on as-exfoliated MXene sheets, and by sputtering or ALD process on MXene films coated on Cu-foil substrates. The schematic illustration of three different processes along with resulting effects on MXene sheets is presented in Figure 1 . Hydrothermal synthesis resulted in the formation of SnO 2 particles on distorted MXene sheets, due to high temperature, pressure and aqueous environment, which can modify the MXene (see supporting information, Figure S1 ).
Sputter-deposited SnO 2 films partially covered the MXene sheets, mainly the accessible outer surface and not the interlayer space, however Ti 3 C 2 MXene retained its structure and morphology (see supporting information, Figure S1 ) due to the non-conformal nature of the sputtering process. The ALD process produced conformal SnO 2 films that completely covered the MXene surface.
The XRD patterns of as-prepared Ti 3 AlC 2 and HF-etched Ti 3 C 2 T x are shown in Figure 2a .
A small amount of titanium carbide (TiC) was found as secondary phase of the as-synthesized MXenes, but they lack the conformity needed to uniformly coat the complex layered arrangement of MXene sheets. Although we find that the MXene phase remains stable during the sputtering process (XRD pattern in Figure S1a ), sputtered SnO 2 does not conformally coat the MXene sheets and is only deposited on the outermost MXene flakes (inter-flake space remains uncoated).
For atomic layer deposition of SnO 2 on any given substrate, the substrate surface must be hydrophilic to attach -O or -OH functional groups onto the surface of the substrate. These functional groups are normally chemically attached to the substrate by flowing an oxidant (ozone or water vapor) in the exposure step of the ALD process at high temperature. To prevent MXene oxidation from the ozone or water vapor exposure, we exploited the already present (from the etching process) functional groups (-O or -OH) on the MXene surface [26, 37] , and the first exposure step in our ALD process used Sn precursor (Tetrakis(diethylamido)tin(IV) rather than oxidant (water vapor or ozone). To study the effect of the chemistry of the first exposure step used in the ALD process on MXene stability, we compared XRD patterns of MXenes after SnO 2 deposition in two cases. In one case, SnO 2 deposition on MXene was done using oxidant (water vapor or ozone) in the first exposure step, and in the second case using Sn precursor in the first exposure step. When ozone was used for the first exposure step at 200 °C, the MXene was oxidized, as reflected by the disappearance of (002) peak ( Figure S1c) , and the MXene flakes were ruptured, as can be seen in Figure S1d . In contrast, when Sn precursor was introduced in the first ALD exposure step, the MXene structure remained intact. Hence, the presence of functional groups (OH or O) on MXene surface after the aqueous acidic etching process is actually beneficial for SnO 2 growth by ALD. [26, 37] Hence, the "Sn precursor first" approach was used for all subsequent SnO 2 growth studies. For SnO 2 /MXene electrodes, a large reduction peak below 1.00 V corresponds to the formation of SEI and reduction of SnO 2 with Li + ions, as its intensity significantly decreases during subsequent cycles. [38] The reduction reaction of SnO 2 with Li + ions can be described by the following equation [39] :
The more prominent peak between 0.01 -0.50 V corresponds to the formation of Li x Sn alloy. [40] This alloying/dealloying reaction is highly reversible, providing a major contribution to lithium storage capacity and can be described by the following equation (0 ≤ respectively. The charge capacity achieved in this case was higher than the theoretical capacity of SnO 2 (782 mAh/g), which may be due to the extremely small nanocrystals of SnO 2 achieved by ALD. [41] Ideally, this effect should be seen with a 10-nm-thick SnO 2 coating on MXene, but the calculation for specific capacity is based on the total mass of the coated MXene electrode, which accounts for the combined capacities of SnO 2 and MXene. The performance parameters, including specific capacity, Coulombic efficiency, and capacity retention are summarized in Table S1 .
The cyclic performance of SnO 2 -coated MXene anodes was assessed at various current densities, ranging from 100 to 1000 mA/g. The comparison of cyclic performance at 500 mA/g is given in Figure 4c . The as-prepared MXene delivered a first-cycle discharge capacity of 260 mAh/g and showed a stable capacity of 109 mAh/g after 50 cycles. The SnO 2 /MXene anode (10-nm-thick SnO 2 layer) showed a first-cycle discharge capacity of 736 mAh/g and delivered a stable capacity of 258 mAh/g after 50 cycles. We hypothesize that this stable cyclic performance is a result of the layered MXene structure, which accommodates volumetric changes during the charge/discharge process. To test this hypothesis, we deposited a 10-nm-thick layer of SnO 2 on bare Cu foil (without MXene). Without support from MXene, the capacity quickly faded, and after the 50 th cycle, a discharge capacity of 77 mAh/g was obtained ( Figure S5 ). Moreover, the SnO 2 -only electrode had a specific capacity of 168 mAh/g, which is mainly due to the nonconductive nature of SnO 2 films which causes the specific capacity to decrease quickly. Previous reports showed that ALD prepared SnO 2 -only anode on stainless steel substrate retained 11% of its initial capacity because of detachment of active material from substrate due to large volumetric changes. [38] Therefore, in addition to structural support, MXene provides a conductive 3D network (in contrast to the flat surface of the Cu foil) to the deposited SnO 2 layer, which resulted in higher specific capacity of SnO 2 /MXene electrodes (696 mAh/g). Furthermore, when the thickness of SnO 2 layer was increased to 50 nm, the SnO 2 -coated MXene anode showed high charge/discharge capacities during initial cycles, but the capacity faded quickly and specific capacities of 239 and 451 mAh/g were achieved after deposition at 150 °C and 200 °C, respectively. Although, the achieved specific capacity was four times higher than for as-prepared MXene (109 mAh/g) and two times higher than for the 10-nm-thick SnO 2 layer coated MXene composite electrode (178 mAh/g); the 50-nm-thick coating of SnO 2 on MXene (ALD @ 200 °C)
showed a capacity retention of 50% (calculated based on 2 nd cycle discharge capacity). This capacity fade indicates that with increasing SnO 2 layer thickness, the MXene sheets can no longer accommodate the larger volumetric changes of SnO 2 electrodes. Hence, it appears that an optimal SnO 2 thickness exists for a given loading of MXene. Another important observation is that electrodes prepared at 200 °C, showed more stable behavior than those prepared at 150 °C ( Figure S6 ). We attribute this to a higher crystallinity after ALD at 200°C. The 10-nm-thick coating of SnO 2 on MXene (ALD @ 200 °C) resulted in a specific capacity of 258 mAh/g at the 50 th cycle, which corresponds to a capacity retention of 59.5 %.
To further improve the cyclic stability of SnO 2 -coated MXene electrodes with thick SnO 2 layers, we used an ALD process that was recently shown to significantly stabilize Li-ion battery anodes. [35, 36] This process involves deposition of a thin layer of HfO 2 at the anode/electrolyte interface, which helps in preserving the structure of the anode materials when large volumetric changes occur. [31, 35, 36] Moreover, HfO 2 does not take part in the electrochemical process, as evidenced by the CV curves of HfO 2 (200 ALD cycles) on bare Cu-foil ( Figure S7 ).
Furthermore, the thin amorphous HfO 2 film does not hinder Li + and Na + ions diffusion. [42] Therefore, we aimed to improve the cyclic performance of SnO ) and delivered a specific capacity of 843 mAh/g at the 50 th cycle, which corresponds to a capacity retention of 92%. Note that this specific capacity was achieved at 500 mA/g, and will be even higher at lower current densities. Recall that in the absence of HfO 2 , SnO 2 -coated MXene electrodes delivered a specific capacity of 451 mAh/g at the same current density after the 50 th cycle, which corresponds to a capacity retention of 50% (based on the 2 nd cycle discharge capacity). Moreover, the cyclic performance of bare SnO 2 /MXene electrodes is much less stable than that of HfO 2 coated SnO 2 / MXene composites anodes. We compared our results with the published data and summarized the comparison in Table S2 , where we demonstrate that the performance of the first-generation oxide/MXene anodes is comparable to the advanced Sn-C based compositions.
In addition, EIS was carried out to assess the effect of the HfO 2 layer on the performance of SnO 2 /MXene composite anodes. The EIS plots for SnO 2 /MXene anodes with and without HfO 2 are presented in Figure 4d . The typical Nyquist plots at OCV can be fitted with Randles circuit [43] , where bulk resistance of battery components (electrolyte, electrodes, and the layer at the anode/electrolyte interface does not hinder Li + diffusion, which is consistent with the observations from the CV and galvanostatic charge/discharge tests. [35, 42] To understand the role of HfO 2 , we conducted ex-situ TEM analysis of SnO 2 /MXene and HfO 2 coated SnO 2 /MXene anodes ( Figure 5 ). The capacity retention was found to be directly related to the nature of the reversibility of stepwise Li + ions reaction with SnO 2 during the charge/discharge. [35] The alloying/dealloying reaction of metallic Sn is highly reversible.
However, the conversion reaction of SnO 2 with the formation of intermediate SnO is partially reversible and results in distortion of the crystal structure. [38] Therefore, it is reasonable to expect that the crystal structure of the SnO 2 /MXene electrode without HfO 2 could be more prone to degradation during the charge/discharge process. TEM analysis provided evidence for this phenomenon as can be concluded by comparing SAED patterns of both electrodes with and without the HfO 2 layer, after 50 charge/discharge cycles ( Figure 5 ). The dot-pattern corresponding to crystalline SnO 2 (shown earlier in Figure 3b ) disappeared after cycling of SnO 2 /MXene anodes, suggesting that SnO 2 was transformed to amorphous SnO x (Figure 5c ). In contrast, the HfO 2 coated SnO 2 /MXene electrode showed that the crystallinity of SnO 2 was preserved after the charge/discharge process (Figure 5f ). The ex-situ SEM images showing lamellar structure of SnO 2 /MXene with and with HfO 2 coating after cycling are presented in Figure S8 . 
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